The tight junction (TJ) protein claudin-4 is aberrantly upregulated in gastric cancer, but its clinical significance and the molecular mechanisms underlying claudin-4 overexpression in gastric cancer remain unclear. Here, we investigated its roles and epigenetic mechanisms regulating CLDN4 expression in gastric cancer. We show that increased membranous expression of claudin-4 in gastric carcinoma is associated with better patient prognosis, whereas cytoplasmic claudin-4 expression did not show a significant association with prognosis. Consistent with the correlation of increased membranous claudin-4 with favorable clinicopathological factors, claudin-4 overexpression inhibited the migration and invasion of gastric cancer cells; in contrast, it did not affect cell growth. Claudin-4 expression also increased the barrier function of TJs. Claudin-4 upregulation was strongly correlated with DNA hypomethylation in both gastric tissues and gastric cancer cells. Moreover, CLDN4 expression was repressed in normal gastric tissues in association with bivalent histone modifications, and loss of repressive histone methylations and gain of active histone modifications were associated with CLDN4 overexpression in gastric cancer cells. Interestingly, CLDN4 repression could be markedly derepressed by combined treatments that simultaneously target both histone modifications and DNA demethylation in CLDN4-hypermethylated cells, whereas concomitant changes in histone methylations and acetylations are required for CLDN4 induction in CLDN4-repressed cells with low DNA methylation. Taken together, this study reveals that membranous claudin-4 expression is associated with gastric cancer progression and that it is an independent positive prognosis marker in gastric carcinoma. Furthermore, our findings suggest that epigenetic derepression may be a possible mechanism underlying CLDN4 overexpression in gastric cancer and that claudin-4 may have potential as a promising target for the treatment of gastric cancer.
Loss of cell polarity with disruption of cell-cell junctions is frequently found in tumor cells and have a crucial role in cancer progression. Tight junctions (TJs), which are one of the structures within the apical junctional complex, act as barriers in epithelial and endothelial cells by mediating adhesion between cells, and tumor cells often exhibit a loss of functional TJs. 1, 2 Moreover, TJs are involved in other functions including cell proliferation and differentiation by recruiting signaling molecules. 2 Claudins comprising a 24-member family, 3 are major integral membrane TJ proteins, and exhibit tissue-specific expression pattern. 1 Different claudin subtypes are coexpressed in specific cell types and it is general that multiple claudin subtypes contribute to the formation of TJs. 1 However, the expression of claudins is altered, both elevated and downregulated in several cancers compared with their normal counterparts. 1, 4, 5 Claudin-1, claudin-3, claudin-4 and claudin-7 are among the most frequently deregulated claudins in several malignancies. In addition, altered expression and cellular localization of claudins were shown to contribute to tumor progression by affecting cell proliferation, 6 cell invasion activities [7] [8] [9] and metastatic behavior. 10 In particular, claudin-3 and claudin-4 have been found highly overexpressed in a wide variety of cancers including breast, ovarian, pancreas and prostate. [11] [12] [13] [14] [15] In stomach cancer, claudin-4 was identified as one of the markers of gastric adenocarcinoma precursor lesions 16 and found to be most prominently overexpressed among claudins in gastric adenocarcinoma. 17 Moreover, its expression was reported to be lower in poorly differentiated diffuse-type gastric cancer than in well-differentiated intestinal-type gastric cancer, suggesting its possible role in determining the diffuse phenotype. [17] [18] [19] In addition to its aberrant expression in several cancers, claudin-4 expression has been shown to be associated with prognosis in breast or bladder cancer, 20, 21 and has a role in invasiveness and metastatic potential of pancreatic cancer cell, 22 as well as it induces angiogenic factors in ovarian cancer. 23 However, although there have been a few studies into the association of claudin-4 expression and prognosis, it remains unclear whether claudin-4 expression is associated with clinical outcomes in gastric cancer. Although moderateto-strong claudin-4 staining was shown to be associated with decreased survival in the study by Resnick et al, 24 a recent study by Ohtani et al, 25 reported that low claudin-4 expression was independently associated with a significant decrease in overall survival. On the other hand, another study showed no significant correlation between claudin-4 expression and patient survival. 17 Furthermore, the role of claudin-4 expression in gastric cancer is even less well understood.
It is becoming clear that epigenetic changes, in addition to classical genetic abnormalities, are involved in tumorigenesis through their regulation of expression of tumor-suppressor genes or oncogenes. 26, 27 Two epigenetic mechanisms, DNA methylation and histone modifications, are now well recognized as predominant contributors to the silencing of tumor-suppressor genes. 28 Epigenetic alterations in multiple genes are known to have a role in stepwise gastric tumorigenesis, 29, 30 in addition to the reported involvement of genetic alterations in TP53, E-cadherin, TGF-b receptor II and APC/b-catenin. 31 Inactivation of several genes by DNA hypermethylation (for example, APC, E-cadherin, p14, p15, p16) has been reported in gastric cancer. 30 Similarly, alteration of claudin-4 expression in bladder carcinoma was found to be associated with DNA methylation, 21 and epigenetic modifications including histone acetylation and DNA demethylation have been reported to be involved in the increase of CLDN4 expression in ovarian cancer cells. 32, 33 Interestingly, our recent study 33 revealed that claudin-4 overexpression during ovarian tumorigenesis is associated with loss of repressive histone methylations, suggesting that epigenetic derepression also contributes to tumorigenesis by activation of cancer-promoting genes. However, the molecular mechanism responsible for the alteration of claudin-4 expression during gastric tumorigenesis is unclear. Therefore, we investigated the underlying mechanism of claudin-4 upregulation and the clinical significance of claudin-4 overexpression in gastric carcinoma.
In this study, we found that increased claudin-4 expression suppresses cell invasion and migration, suggesting its role in gastric cancer progression, and epigenetic derepression is one possible mechanism underlying claudin-4 upregulation in gastric cancer.
MATERIALS AND METHODS
Patient Information, Human Tissues and Immunohistochemistry A total of 485 gastric tissue samples were obtained from patients with gastric carcinoma and other gastric lesions after ethical approval by the institutional review board of the Samsung Medical Center (Seoul, Korea) (for details, see Supplementary Information). Tissue microarray (TMA) slides were prepared for histopathological analysis as described previously. 34 For immunohistochemistry, TMA sections were incubated with monoclonal claudin-4 antibody (1:40 dilution; Zymed Laboratories, San Francisco, CA; 18-7341). In this study, the scoring method described by Sinicrope et al 35 was used to evaluate the intensity of the immunohistochemical staining and the proportion of stained epithelial cells was determined as described previously. 34 In all, 14 gastric cancer cell lines, AGS, KATOIII, MKN1,  MKN28, MKN74, NCI-N87, SNU5, SNU216, SNU484,  SNU601 , SNU620, SNU638, SNU668 and SNU719 (purchased from the Korean Cell Line Bank, Seoul, Korea) were maintained under appropriate medium conditions. Cells were seeded 1 day before drug treatment. Seeded cells were treated with 5 mM 3-deazaneplanocin A (DZNep; obtained from Dr Victor E Marquez, National Cancer Institute, Frederick, MD, USA), 5 or 1 mM 5-aza-2 0 -deoxycytidine (5-aza-dC; Sigma, St Louis, MO) or 200-300 nM trichostatin A (TSA; Sigma) as described previously. 33 Generation of Cell Lines Stably Overexpressing Claudin-4 Gastric cancer cells (SNU638 and MKN1) were transfected with pCMV-Tag2B vector (empty vector) or claudin-4 expressing pCMV-Tag2B-CLDN4 plasmids using Lipofectamine LTX (Invitrogen, Carlsbad, CA) following the manufacturer's protocol, and transfected cells were selected with G418 (Invitrogen). Claudin-4-overexpressing stable clones were screened and identified by both flow cytometry and western blot. The claudin-4-expressing construct was prepared as described in Supplementary Information.
Cell Lines and Drug Treatment

Flow Cytometry
Cells were harvested and counted to obtain a cell concentration of 1 Â 10 6 cells per ml PBS buffer supplemented with 0.5% BSA and 0.1% sodium azide. After centrifugation, cells were resuspended in 90 ml PBS buffer (with 0.5% BSA and 0.1% sodium azide) and incubated on ice for 10 min with 10 ml of FcR blocking reagent (Miltenyi Biotec, Auburn, CA). APC-conjugated mouse monoclonal anti-human claudin-4 antibody (R&D Systems, Minneapolis, MN; FAB4219A) or mouse IgG2A isotype control (R&D Systems) were then added in Fc-blocked cells (1 Â 10 5 ) and incubated on ice for 45 min in the dark. After washing cells three times with PBS buffer, cells were also stained with both Annexin V-FITC and propidium iodide (PI) (BD Biosciences, San Diego, CA) for cell viability and finally analyzed on BD FACSCalibur flow cytometer (BD Biosciences). The percentage of viable cells bearing cell surface claudin-4 was quantified.
Cell Migration and Invasion Assay
The migration of empty vector-transfected and claudin-4-overexpressing clones was determined using Costar transwell chambers with 8-mm diameter pores (Corning, NY) as described in Supplementary Information. For the invasion assay, invaded cells through the ECMatrix-coated membrane were quantified by fluorescence using QCM ECMatrix Cell Invasion Assay kit (Millipore, Temecula, CA; ECM554) following the manufacturer's instructions.
Gelatin Zymography
Empty vector-transfected or claudin-4-overexpressing cells were serum starved for 24 h. The conditioned medium was concentrated using Amicon Ultra-15 (Millipore, Carrigtwahill, Cork, Ireland) and the protein in the concentrated medium was used for subsequent gelatin zymography as described in Supplementary Information. The gels were then stained with Comassie Blue and destained until clear bands were seen. Gelatinolytic activity was detected as clear bands on a blue background in a stained gel.
TER Measurement
Empty vector-transfected or claudin-4-overexpressing clones of SNU638 cells were seeded at a density of 1 Â 10 5 on collagencoated Costar transwell membranes (0.4-mm pore size, 12-mm diameter, Corning). Transepithelial resistance (TER) was measured using a Millicell-ERS V-Ohmmeter (Millipore). The obtained values are presented as resistance in Ohms multiplied by the area of the filter after subtraction of blank values.
Quantitative RT-PCR and Western Blotting
Total RNA was isolated and cDNA synthesized as described previously. 33 Transcript levels of each gene were determined by quantitative real-time reverse transcription-PCR (RT-PCR) as described previously 33 using the PCR primers and probes listed in Supplementary Table S1 .
Whole-cell lysates were extracted using RIPA buffer and they (50 mg) were used for immunoblotting using primary antibodies against claudin-4, EZH2, trimethylated histone H3 lysine 27 (H3K27me3) and b-actin described in our previous study 33 according to the standard procedures.
Methylation-Specific PCR and Bisulfite Sequencing PCR Genomic DNA was extracted from gastric cancer cells, normal gastric frozen tissues or gastric formalin-fixed, paraffin-embedded (FFPE) tissues, and bisulfite modified as described previously. 33 For genomic DNA preparation from gastric FFPE tissues, the fields of interest were microdissected using a 27-G needle under a dissection microscope. Bisulfite-modified DNA was amplified by methylationspecific PCR (MSP), quantitative MSP (qMSP) and bisulfite sequencing PCR (BSP) using the primers and probes shown in Supplementary Table S1 .
ChIP Assay
Chromatin immunoprecipitation (ChIP) assays were performed using EZ-ChIP kit (Millipore) for cell lines, and EpiQuik Tissue Chromatin Immunoprecipitation Kit (Epigentek, Brooklyn, NY) for normal gastric frozen tissues according to the manufacturer's protocol. Normal gastric tissues from gastric cancer patients which were confirmed not to include gastric lesions such as carcinoma by pathological evaluation were used in ChIP experiments. For ChIPs using frozen tissues, 10 mg tissues per one ChIP were used. The antibodies against various histone marks as described previously 33 were used for ChIP analyses, and quantification of ChIP results was performed by qPCR. The sequences of the probe and primers for ChIP and quantitative ChIP (qChIP) are provided in Supplementary Table S1 .
siRNA Transfection
The small-interfering RNA (siRNA) targeting EZH2 and non-targeting control were purchased from Dharmacon (Lafayette, CO) and cells were treated with 100 nM final concentration of siRNA using Oligofectamine (Invitrogen) following the manufacturer's instructions. . Claudin-4 expression in cell membranes and cytoplasm was scored based on immunohistochemical staining levels (lower). A total of 485 samples including the normal gastric epithelium (NL, n ¼ 23), chronic atrophic gastritis (CG, n ¼ 18), intestinal metaplasia (IM, n ¼ 49), low-grade dysplasia (LD, n ¼ 25), high-grade dysplasia (HD, n ¼ 25) and gastric adenocarcinoma (CA, n ¼ 345) were used for immunohistochemistry analysis, and the immunoreactive score (IS, 0rISr12) for each type of lesion is shown (lower). Comparisons of IS values between the two groups were performed using Student's t-test (two-sided). (b) Association of membranous claudin-4 expression with patients' survival in total gastric adenocarcinoma or (c) in intestinal-type gastric adenocarcinoma. Survival durations of gastric adenocarcinoma patients were calculated using Kaplan-Meier survival analyses. Log-rank tests were used to compare the survival curves between three groups: high expression (ISZ9), intermediate (3rISr8) and low (0rISr2). 
Statistical Analysis
RESULTS
Increased Membranous Claudin-4 Expression in Gastric Adenocarcinoma Correlates with Favorable Clinicopathological Parameters
The gene expression of several claudins in normal and cancerous stomach tissues was determined using microarray data based on Affymetrix HG-U133, which is used for our previous studies 15, 36 (Supplementary Table S2 ). In stomach cancer, CLDN4 was the most upregulated claudin gene compared with normal gastric tissue, although the expression of other claudin genes including CLDN1, CLDN3 and CLDN7 was also elevated in gastric carcinoma consistent with previous studies. 24, 37 In contrast, CLDN18 expression was significantly downregulated in gastric carcinoma as reported previously. 38 On the basis of these microarray data, the protein levels of claudin-4 expression were further determined in normal gastric mucosa, gastric adenocarcinoma and its related lesions using immunohistochemistry. Claudin-4 was strongly stained in both cytoplasm and membrane in intestinal metaplasia and gastric epithelial dysplasia lesions, whereas normal gastric epithelia and chronic gastritis samples were focally and weakly stained for claudin-4 ( Figure 1a , Supplementary Table S3 ). These results are consistent with those in previous studies, 16, 39 and further support the suggestion of usefulness of claudin-4 expression as a marker of gastric adenocarcinoma precursor lesions. The majority of gastric adenocarcinoma samples (336/345, 97.39%) exhibited some degree of claudin-4 staining in both membrane and cytoplasm. Overall, both membranous and cytoplasmic staining levels in adenocarcinoma were significantly lower than those in intestinal metaplasia and dysplasia but were higher than those in normal and inflammatory gastric epithelium samples (Po0.001, Supplementary Table S3) .
Next, the correlations between claudin-4 expression in gastric carcinoma and various clinicopathological parameters were analyzed. Table 1 shows that increased expression of membranous claudin-4 is significantly associated with all of the favorable parameters including absence of nodal metastasis (P ¼ 0.001), small tumor size (P ¼ 0.02), early gastric carcinoma (P ¼ 0.001), intestinal-type of Lauren's classification (Po0.001), well or moderate differentiation (low grade) (Po0.001), low depth of tumor invasion (P ¼ 0.008) and early clinical staging (P ¼ 0.001). In contrast, cytoplasmic claudin-4 expression was not correlated with tumor size, stage, nodal metastasis, early gastric carcinoma and depth of tumor invasion; however, it was associated with well differentiation (Po0.001) and with the intestinal-type of Lauren's classification (P ¼ 0.03). Figure 1c ). In contrast, cytoplasmic claudin-4 expression was not significantly associated with patient's survival in intestinal types of gastric carcinoma (P ¼ 0.31); however, it did tend to correlate with patients' survival in total gastric carcinoma (P ¼ 0.08, Supplementary Figure S1 ). Both univariate and multivariate analyses of the overall survival of gastric carcinoma patients was performed using Cox's proportional hazards regression. High expression of membranous claudin-4 was significantly associated with better prognosis (RR ¼ 0.339, P ¼ 0.009) in univariate analysis (Table 2) . Moreover, it remained as a significant independent prognostic factor (RR ¼ 0.366, P ¼ 0.02) after multivariate analysis that included age, histological grade, clinical stage and Lauren's classification (Table 2) . In contrast to membranous expression, there was no significant correlation between cytoplasmic claudin-4 expression and patients' prognosis in either univariate or multivariate analysis.
Increased Membranous Claudin-4 Expression Suppresses Migration and Invasion of Gastric Cancer Cells, While It Increases the Barrier Function of TJs
On the basis of the correlation of claudin-4 expression with clinicopathological features in gastric cancer, the possible role of claudin-4 overexpression was investigated in gastric cancer cells. We established claudin-4-overexpressing clones from two CLDN4-repressed gastric cancer cell lines (SNU638 and MKN1). Two stable clones (CLDN4-1 and CLDN4-2) with a high percentage of cell surface claudin-4-expressing cells and high levels of claudin-4 expression ( Figure 2a) were selected from each cell line for additional analyses.
To determine whether claudin-4 expression influences cell growth, the numbers of viable cells were counted. There was no significant difference in cell growth between claudin-4-overexpressing clones and empty vector-transfected control cells of both SNU638 and MKN1 cells (Figure 2b ), demonstrating that the expression of claudin-4 does not affect cell growth.
We also examined the effect of claudin-4 expression on cell migration and invasion activity in gastric cancer cells. In claudin-4-overexpressing clones of both SNU638 and MKN1 cells, cell migration was significantly decreased compared with empty vector-transfected control cells (Po0.001, Figure  2c ). In addition, claudin-4-overexpressing clones showed significantly reduced cell invasion compared with empty vector-transfected cells (Po0.01, Figure 2d ). However, significantly decreased gelatinolytic matrix metalloproteinase (MMP) activities were not observed in claudin-4-overexpressing SNU638 cells (Figure 2e ), indicating that a decrease in invasion resulting from claudin-4 overexpression in SNU638 cells is unlikely to occur in association with MMP activities. Taken together, these results suggest that increased claudin-4 expression inhibits the cell migration and invasion by localizing at membrane regions regardless of MMP activities.
The effect of claudin-4 expression on the intercellular barrier function of TJs was also assessed in gastric cancer cells by measuring TER. As shown in Figure 2f , overexpression of claudin-4 led to a significantly higher level of TER compared with that in empty vector-transfected SNU638 cells (Po0.01), indicating an enhancement of tightness of TJs after claudin-4 overexpression. Immunofluorescence results indicated that transfected claudin-4 expression was located at cell-cell contact sites (Supplementary Figure S2) . This results show that claudin-4 expression increases the barrier function of TJs in gastric cancer cells.
Claudin-4 Expression in Gastric Cancer Cells Is Inversely Correlated with DNA Methylation
As increased claudin-4 expression was shown to inhibit cell invasion and migration as well as to increase the barrier function of TJs, the molecular mechanism regulating claudin-4 expression in gastric cancer was investigated. First, we determined claudin-4 expression at the transcript and protein levels in 14 gastric cancer cell lines to confirm the regulation level. CLDN4 expression was well correlated with the level of claudin-4 protein expression, indicating that claudin-4 expression is regulated at the transcript level (Figure 3a , middle). Claudin-4 expression by western blot was little or undetectable in four gastric cancer cells (MKN1, SNU484, SNU638 and SNU668) indicating low CLDN4 transcript levels, whereas the other cells showed high claudin-4 expression.
To determine the transcriptional regulation mechanism of CLDN4 expression in gastric cancer cells, DNA methylation status was assessed by MSP. DNA methylation was found in the CLDN4 promoter in CLDN4-repressed cells, whereas cells in which CLDN4 was highly expressed did not exhibit DNA methylation (Figure 3a, bottom) . This indicates that DNA hypermethylation is associated with CLDN4 repression in gastric cancer cells. However, DNA methylation level in the CLDN4 promoter varied in cell lines with low levels of CLDN4 expression. CLDN4 expression was repressed in SNU638 and SNU668 cells despite the relatively low level Cell numbers (x10
CLDN4-2
Claudin CpG island in the promoter was predicted, and primers and probes for MSP and qMSP were designed using Methprimer or by TIB MOLBIOL (Berlin, Germany) as described previously. 33 The transcription start site is indicated by þ 1. Claudin-4 expression at the transcript level was determined by qRT-PCR as the relative expression to HPRT1 expression, and at the protein level by immunoblotting (middle). MSP was performed using bisulfite-modified genomic DNA of gastric cancer cell lines for DNA unmethylated (UM) and DNA methylated (M) (bottom). Sss-I treated (assumed as 100% methylated) human leukocytes were the positive control. PMR (percentage of methylated reference, %) was determined by qMSP using a Taqman probe and calculated as described previously. 33 Table S4) , and CLDN4 DNA methylation levels were significantly lower in intestinal metaplasia (P ¼ 0.008) and adenoma (P ¼ 0.006) compared with the normal gastric epithelium (Figure 3b) , showing that CLDN4 is DNA hypomethylated during early gastric tumorigenesis. In addition, lower CLDN4 DNA methylation in intestinal metaplasia and adenoma was significantly correlated with higher claudin-4 expression in those tissues (Po0.05, Supplementary Table S5 ), indicating that claudin-4 overexpression in gastric precancerous lesions is related to promoter DNA demethylation. Levels of CLDN4 DNA methylation in gastric carcinoma were greater than those in adenoma. Interestingly, CLDN4 DNA methylation in advanced stages of gastric carcinoma was significantly higher than that in early stages of carcinoma (Po0.05, Figure 3c) , showing that CLDN4 DNA methylation is increased with the progression of gastric carcinoma. We also assessed the association between DNA methylation and claudin-4 expression in gastric carcinoma tissues based on cell line data. Both DNA methylation level and frequency were significantly higher in the claudin-4 low-expressing group (P ¼ 0.002 for methylation level; Figure 3d , P ¼ 0.006 for frequency; Supplementary Table S6) , and claudin-4 expression showed a significant inverse correlation with DNA methylation (Supplementary Table S5 ), confirming the presence of a correlation between increased DNA methylation and decreased claudin-4 expression in the progression of gastric carcinoma. Taken together, our data demonstrate that claudin-4 overexpression during early gastric tumorigenesis is significantly correlated with DNA hypomethylation. Moreover, our results show that decreased claudin-4 expression in the advanced stage of gastric carcinoma compared with the early stage of gastric carcinoma is significantly associated with increased DNA methylation.
Bivalent Histone Modifications Are Associated with CLDN4 Repression in Normal Gastric Tissues
Although a significant inverse correlation between DNA methylation and claudin-4 expression during gastric tumorigenesis was shown, we found some gastric tissues in which their significant correlation is not observed, for example, claudin-4 expression was not detected in some normal gastric FFPE tissues with a lack of DNA methylation (Supplementary  Table S4 ), consistent with findings in previous gastric cancer cells. Therefore, we further investigated the additional mechanisms involved in the repression of claudin-4 expression in normal gastric tissues.
We performed ChIP assays to determine whether histone modifications are related to CLDN4 expression in normal gastric tissues. Normal gastric tissues with relatively low transcript levels of claudin-4 showed different DNA methylation status in the promoter (Figures 4a and b) . ChIPs for repressive histone marks (H3K27me3, dimethylated or trimethylated H3 lysine 9; H3K9me2 or H3K9me3 and trimethylated histone H4 lysine 20; H4K20me3), as well as for the active histone marks (trimethylated histone H3 lysine 4; H3K4me3, acetylated histone H3 and H4; H3Ac and H4Ac) were carried out in two regions of the CLDN4 promoter in three normal gastric frozen tissues. In accordance with our previous study in normal ovarian cells, 33 bivalent histone modifications, coexistence of active H3K4me3 and repressive H3K27me3, were found in the promoter region of CLDN4 in all normal gastric tissues (Figure 4c ). High levels of repressive H4K20me3 were also detected in all normal tissues. Interestingly, CLDN4 expression was repressed in normal gastric tissues showing low DNA methylation and tissues with high DNA methylation, suggesting that bivalent histone modifications are crucial for CLDN4 repression in normal gastric tissues independent of DNA methylation.
Decreased Repressive Histone Marks (H3K27me3 and H4K20me3) and Increased Active Histone Marks (H3K4me3 and H4Ac) Are Associated with CLDN4 Overexpression in Gastric Cancer Cells We also investigated the association of histone modifications in the CLDN4 expression in gastric cancer cells. We detected an abundant enrichment of the active H3K4me3 and H3Ac in the CLDN4 promoter of CLDN4-high expressing NCI-N87 cells, whereas repressive H3K27me3, H3K9me2 and H3K9me3 were minimally detectable in the promoter ( Figure  4d ). On the contrary, a higher level of H3K27me3 and H4K20me3, and weaker H3K4me3 and H4Ac were detected in CLDN4-repressed cells (SNU484, MKN1 and SNU638). These results indicate that a loss of repressive histone methylations (H3K27me3, H4K20me3) and a gain of active histone modifications (H3K4me3, H4Ac) are associated with increased CLDN4 expression in gastric cancer cells. These results also suggest that increased claudin-4 expression in gastric cancer cells compared with normal gastric tissues is associated with epigenetic derepression by loss of repressive histone methylations.
Interestingly, the CLDN4 promoter was bivalently marked with both H3K4me3 and H3K27me3 in CLDN4-repressed SNU638 cells showing low DNA methylation consistent with normal gastric tissues, whereas H3K4me3 alone was found in NCI-N87 cells (Figure 4d ). On the other hand, there was a difference in histone modifications between CLDN4-repressed cancer cells. The H3Ac level was remarkably higher in MKN1 cells than in the other two CLDN4-repressed cell lines. Unexpectedly, histone 3 lysine 9 methylations (H3K9me2, H3K9me3) known to be linked to DNA methylation were lacking in the CLDN4 promoter of DNA-hypermethylated cells, implying that crosstalks between DNA methylation and H3K9me2 or H3K9me3 are unlikely in the regulation of CLDN4 expression in gastric cancer cells. Distinct patterns of histone modifications and DNA methylation levels at the promoter of CLDN4-repressed cells suggested the possibility of a differential response of CLDN4 expression to various epigenetic drug treatments. CLDN4-repressed cancer cells were treated with epigenetic regulators 5-aza-dC, TSA and DZNep alone and in various combinations, and the changes of CLDN4 expression in response to these treatments were assessed. As expected, CLDN4 expression was significantly increased by 5-aza-dC alone (MKN1: 2.50-fold, SNU484: 2.95-fold) in DNA-hypermethylated cells, whereas 5-aza-dC alone failed to induce CLDN4 expression in low DNA-methylated SNU638 cells (Figure 5a ). However, CLDN4-repressed cells with DNA hypermethylation showed a differential response to TSA. CLDN4 expression was induced in response to TSA alone in SNU484 cells (2.32-fold), but was not induced in MKN1 cells. Moreover, the combination of 5-aza-dC and TSA (5-aza-dC/TSA) resulted in stronger synergic induction of CLDN4 expression in SNU484 (11.66-to 19.53-fold) than in MKN1 cells (3.33-to 5.50-fold). This might be due to the higher H3Ac level in MKN1 cells, suggesting that endogenous H3Ac level may affect the response to TSA. Notably, addition of DZNep to 5-aza-dC/TSA further enhanced CLDN4 expression compared with that from 5-aza-dC/TSA in DNAhypermethylated cells; however, DZNep alone did not reactivate CLDN4 expression.
We further assessed the changes in DNA methylation and each histone modification in cells treated with drugs compared with non-drug-treated cells to elucidate the mechanism through which CLDN4 expression is strongly derepressed in cells treated with combined treatments of DZNep, TSA or 5-aza-dC. Increases in CLDN4 expression by 5-aza-dC in MKN1 and SNU484 cells were accompanied by DNA demethylation (Figure 5b) , showing that DNA demethylation is involved in induction of CLDN4 expression in the DNAhypermethylated promoter. In addition to DNA demethylation, simultaneous significant increases of active histone marks (H3K4me3, H3Ac and H4Ac) and decreases of repressive histone marks (H3K27me3, H4K20me3 and H3K9me3) were observed in DZNep/5-aza-dC/TSA-treated SNU484 cells compared with the level in no-treatment cells (Po0.05, Figure 5c , upper). 5-Aza-dC/TSA further significantly decreased H4K20me3 and H3K9me3 along with a concomitant increase of H3Ac and H4Ac (Po0.05, Figure  5c , lower), indicating that the synergic derepression of CLDN4 resulting from addition of TSA correlates with a reduction in repressive H4K20me3 and H3K9me3 along with an increase in histone acetylation.
In contrast to CLDN4-repressed cells with DNA hypermethylation, CLDN4 expression was strongly reactivated by the combined treatment of DZNep and TSA (DZNep/TSA) in SNU638 cells (Figure 5a ), indicating that histone modification rather than DNA methylation has a dominant role in the regulation of CLDN4 expression in cells with low DNA methylation. This is in line with a previous study, 40 which showed that DZNep can reactivate genes not silenced by DNA methylation. However, the minimal induction of CLDN4 expression by DZNep alone, in contrast to the remarkable increase by DZNep/TSA treatment suggests that simultaneous changes in both histone methylations and histone acetylations, possibly through their crosstalks are required for strong reactivation of CLDN4 expression. A synergic increase in CLDN4 expression by DZNep/TSA compared with DZNep or TSA alone was also shown in MKN1 cells, suggesting the possibility of crosstalk between histone methylations and acetylation in this cell line as well. Furthermore, CLDN4 expression was not induced in SNU638 cells treated with EZH2 siRNA, despite a marked depletion of EZH2 expression along with a corresponding decrease in H3K27me3 (Figure 5d ), supporting that the loss of the H3K27me3 mark alone is insufficient for re-expression of CLDN4 in this cell line. This also suggests that CLDN4 is not a direct target of EZH2 in contrast to RUNX3 or E-cadherin the expressions of which have been reported to be directly regulated by EZH2. 41, 42 As shown in Figure 5e , DZNep/TSA caused a significant increase in active H3K4me3, H3Ac and H4Ac along with producing a significant reduction in H4K20me3 and H3K9me3 levels in SNU638 cells (Po0.05). Unexpectedly, H3K27me3 was not decreased by DZNep/TSA, suggesting that loss of the EZH2-mediated H3K27me3 mark in SNU638 cells may not be responsible for CLDN4 derepression by DZNep/TSA.
Taken together, these data show that CLDN4 expression is differently regulated depending on the status of DNA We show that increased membranous claudin-4 expression is associated with better prognosis in contrast to no significant relationship between cytoplasmic claudin-4 expression and prognosis of gastric cancer patients. A recent study by Ohtani et al 25 also reported a positive correlation between claudin-4 expression and prognosis; however, they assessed the relationship of total (membranous and cytoplasmic) claudin-4 expression with clinicopathological factors. We also observed that increased membranous claudin-4 expression in gastric cancer cells inhibits cell migration and invasion, whereas it does not affect cell growth. These findings are consistent with a significant inverse correlation of membranous claudin-4 expression with tumor invasion and metastasis in our clinicopathological data and a previous report, which showed inhibition of cell migration and anchorageindependent growth related to claudin-4 overexpression in the gastric cancer cell line AGS. 43 In accordance with previous findings in pancreatic cancer, 22 the inhibition of cell migration and invasion by claudin-4 expression observed in this study is considered to be associated with an increase in cell attachments between tumor cells because overexpressed claudin-4 was localized in the cell-cell contact region, whereas decreased invasion activity was not related to MMP activities. However, the effect of cellular localization of claudin-4 on migration or invasion in gastric cancer needs to be further investigated to clarify whether localization of claudin-4 affects its function.
Our data also show that claudin-4 overexpression increases the barrier function of TJs in gastric cancer cells, results that are consistent with previous studies in colon cancer 44 and MDCK cells, 45 thus, suggesting that overexpression of claudin-4 might suppress gastric cancer progression by enhancing the barrier function of TJs as well as by inhibiting cell migration and invasion.
It is notable that claudin-4 expression has opposite roles in cancer progression in a tissue-specific manner. In contrast to no relationship between MMP activity and cell invasion by claudin-4 expression in this study, claudin-4 expression was reported to enhance cell invasion by an increase of MMP-2 activity in ovarian cells. 8 Furthermore, although this study showed that claudin-4 expression increases the barrier function of TJs in gastric cancer cells, claudin-4 expression has not been associated with TJ integrity in ovarian cancer cells. 13 These results suggest that claudin-4 might promote tumorigenesis or may suppress tumorigenesis by different molecular mechanisms in association with tissue-specific circumstances. Similarly, claudin-1 has shown a tumorsuppressive activity in gastric cancer, 46 in contrast to its cancer-promoting role in colon cancer. 10 Epigenetic silencing of multiple genes by frequent CpG island hypermethylation in early gastric tumorigenesis and gastric carcinoma has been reported; 29, 30 however, the upregulation of gene expression by such an epigenetic mechanism is not well known. Here, we demonstrate that upregulation of claudin-4 expression during multistep gastric tumor progression is associated with promoter DNA hypomethylation. Moreover, DNA hypomethylation was significantly correlated with high claudin-4 expression in gastric carcinoma, and decreased claudin-4 expression in advanced stages of gastric cancer was significantly associated with increased promoter DNA methylation, as has been similarly reported in ovarian 47 and bladder carcinoma, 21 suggesting that DNA methylation is an important mechanism regulating CLDN4 expression in gastric carcinogenesis (Supplementary Figure S3a) .
Furthermore, these results demonstrate that claudin-4 expression is repressed in normal gastric tissues in association with bivalent histone modifications, and loss of repressive histone methylations is also associated with claudin-4 overexpression in gastric cancer cells consistent with our previous results in ovarian cancer cells. 33 However, this study shows that CLDN4 expression may be differentially regulated, depending on the status of both DNA methylation and histone modifications. That is, CLDN4 repression with DNA hypermethylation could be strongly reversed by simultaneous DNA demethylation and histone acetylation, whereas concurrent loss of repressive histone methylation and gain of active histone modifications, are required for strong induction of CLDN4 expression in gastric cancer cells with low DNA methylation (Supplementary Figure S3b) . This suggests that epigenetic derepression by simultaneous changes in histone modifications and through DNA demethylation might be one possible mechanism underlying claudin-4 overexpression in gastric cancer. On the basis of the epigenetic derepression mechanism in the upregulation of claudin-4 in gastric cancer cells, it is possible that epigenetic treatments can be used in combination with other therapies such as therapeutic antibody targeting claudin-4 for the effective treatment of gastric cancer by enhancing sensitivity to those therapies.
In addition to such an epigenetic mechanism, several transcription factors have been known to be involved in the regulation of claudin-4 gene expression. Cdx2, a transcription factor inducing intestinal metaplasia in the gastric epithelium, 31 has positively regulated the expression of claudin-4 during gastric carcinoma intestinal differentiation. 39, 48 Snail and twist that have a central role in the epitheliummesenchymal transition (EMT), have been shown to repress claudin-4 expression in mouse epithelial cells, 49 colorectal cancer cells 50 and breast cancer cells. 51 In addition, tumorigenesis-associated TGF-b and Ras signaling pathways were reported to affect CLDN4 expression in pancreatic cancer cells. 22 However, another mechanism seems to be involved in the regulation of CLDN4 expression in gastric cancer cells because they were not well correlated with claudin-4 expression in gastric cancer cell lines (Supplementary Figure  S4) . As transcription factors are known to cooperate with epigenetic mechanism to regulate gene expression, further studies on interactions between CLDN4-relevant epigenetic mechanism and transcription factors will allow for better understanding on the mechanism regulating CLDN4 expression in gastric cancer.
In particular, the previously reported claudin-4 downregulation during snail-induced EMT, which is a key step for cancer invasion and metastasis, 49 suggests that claudin-4 may have a role in cancer progression through EMT. Actually, EMT characteristics, including the loss of E-cadherin expression and the appearance of expression of the mesenchymal marker vimentin were observed in gastric cancer cells with low claudin-4 expression (Supplementary Figure S5) . On the other hand, claudin-1 expression in colon cancer was shown to induce changes in EMT markers. 10 However, it is unclear whether claudin-4 actually contributes to EMT in gastric cancer; thus, further studies are required to elucidate the role of claudin-4 in EMT.
In summary, this study demonstrates that membranous claudin-4 expression is an independent positive prognostic factor in gastric carcinoma and that it inhibits the migration and invasion of gastric cancer cells. It was elucidated that claudin-4 overexpression in gastric cancer cells is associated with epigenetic derepression through simultaneous changes in histone modifications and/or DNA demethylation. Our findings suggest that claudin-4 is a promising target for the treatment of gastric cancer, and increase of claudin-4 by epigenetic derepression may contribute to the suppression of gastric cancer progression.
